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ABSTRACT

.Alum :num ,'iov cast ans -'ave ceen successfuilv -e~nforcea

,v1tr unioirectionai grapnite riers. The reinforceo castings were

'abricatea using an :nnovative tecnioue Known as nign cressure

saueeze casting. Previousiv. soueeze casting has oen recognizeo as

a suoerior metal forming metnoc. The materiais fabrica:ea :n this

stucy cemostrate ,ne aoiliuv of squeeze casting to acn:eve gooc

':,ber cistr:-ution an ;nfiltration without :ne reea for ore-

:eatrnent c the fters. There was verv :,le ooserveo c,,em!ca;

"eacicn cetween tre giraon;:e fibers ano tree aluminum :n tre as-

cast conc:tion. The strengtn of the reinforcea castings increaseo

with increasing fiber volume fraction, althougn the strengths were

generally less than those predicted by rule of mixtures. The tensilie

strengths ranged from 120 MPa to 310 MPa for fiber volume

fractions of 5 percent to 52 perceit, respectively. A model was

derived to explain the experimental data based mainly on the

assumotion that the interfacial bond between the fiber and the

matrix was relatively weak compared to the strength of the fiber

itself. Other properties of the castings were also examined

including micronardness, stiffness and damping capability. In

addition a second model was developed using finite element methods

to describe the transient thermal behavior of the molten aluminum

during the squeeze casting process.
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Ohaoter

INTRODUCTION

1.1 High Pressure Squee-te Casting

Soueeze cast;ng as a metal forming process was first

ceve~ooea over 40 years ago in the USSR 11. Since that time it has

attractea the interest of researcners in Inaia 2,31, Japan [4-71 :,ne

United Kingdom [8-101 ano the United States [11-14]. Squeeze cast

metais offer mucn imorovea mechanical orooerties over

conventional gravity cast metals and are comparable to those of

forgeo wrougnt-alloys [14]. This is principally due to the improved

micro-structural characteristics of squeeze cast metals and the

aosence of porosity and voids in the castings. The improved micro-

structure is a direct result of the rapid solidification of the molten

metals. Figure 1 shows the effect of pressure on the solidification

of an AI-12Si alloy that was studied by Chatterjee and Das [8]. The

rate of solidification of metals is significantly increased due to the

effects of the pressure. First, the pressure acts to increase the

effective rate of heat transfer by as much as an order of magnitude

[11]. Next, the pressure forces the metal into almost perfect

contact with the die wall which virtually eliminates contact

resistance to heat transfer [8,15]. Finally, the pressure increases

the characteristic melting temperature of materials that expand

upon melting as predicted by the Clausius-Clapeyron equation [16].

Squeeze cast metals have been developed for use in a number

of commercial applications including many in the automobile
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Figure 1. Solidification curves for AI-12Si alloy demonstrating
the effect of pressure [8)



naustry. There are a numoer of advantages to using soueeze casting

over other metal forming :ecnnioues. Saueeze casting offers the

aoility to produce intricately snaoea comoonents ana the strength

ano integrity of the castings rvai those cf forged materiais. Figure

2 snows a comparison oetween two typical aluminum forging alloys

,hat have been gravity cast. saueeze cast. saueeze cast and heat

:reated ana forged ana heat treated. In both cases, saueeze cast

metals nave s:gnificantly higher :ensiie strength than the

"esoective gravity cast counterparts. Heat treating of the squeeze

cast aluminum orocuces a material with tensile oroperties at least

as great as the forged and heat treated aluminum. The saueeze cast

AI-7Si alloy has a tensile strength 150,%0 higher than the forged

material in similar heat treatment conditions.

The strengthening of metals that have been squeeze cast has

been shown to be a function of the casting pressures used [4,8]. The

relationship between casting pressure and tensile strength can be

seen in Figure 3 for three aluminum casting alloys. A normalized

tensile strength is used in order to snow the behavior of different

alloys as a function of pressure. The normalized tensile strength is

defined as the tensile strength at pressure P, S(P), divided by the

tensile strength of that same alloy cast at atmospheric pressure. S0 .

Casting pressures ranging from 100 to 150 MPa can be seen to

produce significant increases in the tensile strength of the

aluminum alloys. Still higher pressures result in higher strengths

but the effect is less significant.

From the above one can see that squeeze casting is a very

promising metal forming technique. Perhaps, however, the most
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exc:::ng prosoects tor -,:an oressure casting :,e in t,e fabricaion cf

',ber -91nforceo metal comoonents.

1.2 Fabrication of Fiber Reinforced Metals

Fber reinforcea metals offer a numner of very attractive

snysical and mecnanicai oroperties. A oartial list is given in Table

The cnnc;,ai concern of these materials to date has been t~e

relativeiy nigh cost of manufacturing. Some of the more common

:rocessinri tecnnaues are liouid metal infiltration and P,,M hot

cressing or ciffusion conaing.

Liquid metal infiltration involves infiltrating the fiber

reinforcement with molten metal. The metal is infiltrated into a

fiber preform, often with the assistance of vacuum or low to

moderate pressure. However, most liquid metals do not

spontaneously wet the ceramic fibers used as reinforcement. For

example, the Gr/AI system is a common composite system where

!iquid aluminum will not spontaneously wet the graphite fibers.

Therefore the fibers require a coating or pre-treatment of some type

in order to promote wetting. Typical coatings (17-19 include Ni,

TiB, K2TiF 6 and K2ZrF 6 . Sodium treatments have also been shown

effective in promoting wetting of graphite fibers by molten

aluminum [18]. The disadvantages of liquid metal infiltration lie in

the limited ability to form complicated shapes and more importantly

in the relatively long liquid metal to fiber contact times. These

contact times more often can result in composites with less than

optimal physical and mechanical properties through the degradation



Table 1. t ome CT thie aovantages of fiber reinforceo metals

*Over Nron-ReinTorcea %letals

Hioner soeCIT:c s*,reng,,ns ano stiffresses

Orthoircoic 6orcroerties a:lowing for 1 e :ailoring of

zomo Los;*ie to cesian soecifcations

moroveadcamoina ra-,ise control)

*Over Fiber Reinforced Plastics

Better high temperature properties

Lower sensitivity to moisture

Higher electrical and thermal conductivity

*Over Fiber Reinforced Ceramics

Better fracture toughness -- more reliable



c -"e !cers cy -'e moiten metal ana excess chemical reaction

cetween tre ,cers ana t-e matrix metal. This ;s cart:cu:ariv a

crcc:em ,itn q7anite f ber ano aiuminum matrix. he cegracation

cf grapnite f cers in a~umnum was stuciea by Kohara arC Muto [201.

reir stucv snowed a cecrease of 10 to 500, In ,n7e strenat cf

cracn::e fibers ;esoeciailv PAN fibers) that haa been exoosed to

molten aiumnum for tines ess than 5 minutes. he effect cf

o 'om ,,. r-:no on tre s:rength of f'ber reinforcec metais can Ce

seen :n the Gr f:cer reinforcea auminum s:uaiea Cy DeLamotte !71

7 st 0, - .ucv, as exoianed that the Ni coatinG th-at was useo

"eactea wtn te AI to form a Drittle !nter-metallic comoouno at the

fiber/matrix -nterface. It was further theorized that the brittle

interface was unaole to aosoro the energy released by weak point

failures in the fibers and redistribute the load among the remaining

fiber segments resulting in premature failure of the reinforced

aluminum.

Powoer metallurgy hot pressing, on the other hand, is very

costiv and cumoersome for fabricating fiber reinforced metals.

Fiber to matrix bonding is achieved by a sluggish solid state

diffusion process at high temperatures for extended periods of time.

These process conditions, namely, temperature, pressure and time

allow densification of powder matrix and also can result in an

excessive reaction between fiber and matrix. As described above,

the excessive reaction is undesirable when fibers are used as

reinforcement in metals. A trade-off between these two

diametrically opposed requirements; the densification of the powder

metal and the minimization of the fiber/matrix reaction, leads to



ess :,,an excectec values for t ne cpys cal anca mecnanicai orooerries

:f 2-e materials. n aditi;,on. "ibers excosea to the :erncerature.

cressure a,,c tine cf crocessing are invariaoly cegracec. Hot

Dressing s a;so unsuitable fcr metals with continuous f ber
reinforcement because of damage or oreaKage to the fibers. Hot

oressing ;owaers also results in Door cistribution of the fibers

througnout *,e metal. Therefore. r.ot oressing is often nct

commerc:aiy attractive.

Anctner fabrication tecnnique to be ciscussea here is high

oressure scueeze castmin. in this case. saueeze casting as a metai

;orming tecnnicue mentioned at the oeginning of this craoter can ce

mocified to assist ;n the infiltration of fiber reinforcement. The

advantages of squeeze casting can be directly related to its

applicability to fabrication of fiber reinforced metals. The rapid

rate of solidification results in minimal contact time between the

fibers and the molten metal. This results in very little cnemical

reaction between the fibers and the matrix in the as-cast condition

allowing for the tailoring of the interface during post casting

processing. Also the pressure forces the metal to infiltrate the

fibers, eliminating the need for pre-coating of the fibers (21,22].

Finally, with innovative preforming techniques squeeze casting

offers the opportunity to fabricate planar random or unidirectional

fiber reinforced near-net shape components at a reasonable expense.

Recognizing the potential that high pressure squeeze casting

possesses as a process for the fabrication of fiber reinforced

metals and the limited amount of work available to date, there is a

need for further investigation. This thesis will employ squeeze



casting process for 17e fabrication CT f.D-er reiniorcea metals. nhe

-.oiectives ancl soce ot "-.s ;nvestigation follow.

1.3 Objectives and Scope of Investigation

The main coiect;ve cf this ;nvestigation was 10o fabricate

uinicirectionai fiber reintorcea metals using nigh 2ressure squeeze

casting.

The onysical ana mneonanical prooerties inciucing camoing c4

,lie fabricated materiais will aiso ne studied along with a

ci-aracterizat:on c. *:"-.e tter matrix interface. A moaiel will amso ce

-eveiooea for +Le *lans~ent *,-ermai benavior cf ,,'-e orocess using
;inite element analysis.

--he next conapter wiil descrice the method developed to

procuce fiber reinforced metals using high pressure squeeze casting.

Chapter 3 will outline the the finite element technique used to

model the thermal behavior of the process. The testing procedures

used for the fabricated materials will be discussed in Chapter 4

followed by the results and discussion in Chapter 5. Following

Chapter 5 will be the conclusions from this study and

recomrnencations for future research.



CJaoier 2

FABRICATION PROCEDURES

*n tfis cnapter, a oescn tion of the process deveiooea for "-e

casting of fiber reinforcea metals will be orovided. The eauiomen

ano materiais will be ciscussea first foilowea by thie casting

Crocecures.

2.1 Equipment and Materials

-he *cilo,,na -,vo sect;ons wil cescroe *he eauioment. "-e

matrIx ana f:ber materials ano the unidirectional fiber preformr:c

:ecnr:aue used to cast the reinforcea metals.

2.1.1 Equipment

The equipment used for the casting of reinforced metals

included a furnace for melting the metal, a metallic die and a

hydraulic press, along with some minor accessories.

The furnace used to melt the metal had a maximum

temperature of 1870 K (2900' F) and had no provision for

atmospheric control. Temperature inside the furnace was regulated

by an automatic on/off controller which maintained a user

determined set-point.

The principal die used in this investigation was a 70 mm (2.7

inch) internal diameter circular die. A schematic drawing of this

die is given as Figure 4. The Cie was made from 1040 steel. The die

wall was case hardened to a maximum value of 56 on the Rockweil-C
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--:e ,a cec*7ncazcx 7maeiv 2. 5 mmr -~m e ca-se c~a~e

-as as; -- a- :--ea -z :-e same scecitc:c c e

~rae t-e cate. -.Kewise, :7e 2uncn .vas a.so ca-se rarcerneo.

'Ie cea-ance cetween m7e cu,.ncn ano the c~e walls was smail (0.1025

mm7QC~nrn, so *rat wnen mL e cressure was aoic:eac. th e m-oi*en

* netai wvas conrlin ea --ut m e cases crooucea nv t-,e vaccriza*Lon C

,.-e cqca7;c -c:ncers on Lr7e ,jers were ailowea to escace. -he !co

-,ur~zce c* *-e case c-a*te .-.as grouna smoo.,,n so that *-ere wiou:c te

-;m:-1:,:ai amount ct gap cetween case czaie ana the c~e wail.Te

i;e .al; .,.as securec to mre case ciate cv -,:on s*Lrenom- s~eei rcc:ts.

-secona cie was Lusec for castingi cf amer sDec~rnens. 7,ne

nternal o:ameter cf tLhis secona die was 1 4 mm (4.5 ;ncrn. The

,materia:s ana case rarcening specifications for the secona die were

the same as those for the 6.9 cm (2.7 incn) die. A drawing of the

114 mm f4.5 inh cie is snown in Figure 5.

Thne cressure was applied through a 1779 kN (200 ton)

-,yarau C c ress. The coaa acoiieai by the cress wvas controlled cy an

aaiu~stan~e cressure release vaive. The ocao on *,he qunon was

caiibra'eai as a flunction of the nyaraulic pressure on ,7e cylinaer

h-eacl. The calibration curve is given as Figure 6. Once the curve was

establisinea. th7e boaa on the punch could be founa directly from the

ndicateai hydraulic pressure.
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Overall diameter of die = 0.20 m

Cavity diameter = 0.114 mn

Figure 5. Die usedl for casting 114 mm diameter fiber reinforced
metal disks
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Figure 6. Calibration curve relating hydraulic pressure on the
cylinder head to the applied load on the die ounch



2.1.2 Materials

The matrix materiai used in tmis investigation was 6061

aiuminum. The composition of this ailoy ana its pnysical ano

mecnanical properties can ce found eisewnere (231.

Grapnite fibers were used to reinforce the aluminum matrix.

Three forms of carbon/graonite fibers were used: graphite f'ber

tows containing approximately 2000 filaments each, sheets of Ni-

coated carbon fibers laid out in a planar rancom orientation ana held

together by an organic binder and sheets of uncoated carbon fibers

aiso in a planar ranoom orientation.

The tow fibers were pitch basea Thornel P-55. The pnysical

and mechanical properties for the graphite tow fibers and the planar

random carbon fibers are given in Table 2.

In addition to the graphite fibers used in the principal

investigation, SiC (Nicalon) fibers were used to reinforce 6061

aluminum. These unidirectional fiber reinforced castings were

fabricated using the same procedures described in this chapter for

the Gr/AI castings.

2.1.3 Unidirectional Fiber Preform

This section will describe the unidirectional fiber preform

used to fabricate the unidirectional fiber reinforced aluminum

castings. The main objective of the preforming process was to

prepare a preform with the majority of the fibers laid out in a

parallel direction. When attempts were made to infiltrate preforms

made from only the tow fibers, the directionality of the fibers was

not maintained and there was poor infiltration by the liquid metal.



Table 2. Physical ania mecnanicai properties of grapnite/caroon
fiber usea to reinforce the aluminum castings

Physical or P-55 Tow Random
Mechanical Graphite Sheet
Property Fiber Carbon Fiber

Tensile Strength, 2100 3100
MPa (ksil (31 0 (450)

Young's Moculus. 379 235
GPa (Msi) (55) (34)

Specific Gravity 1.8 1.8

Net Weight 0.0004a 0.000030
0.00001 c

a. in g/mm
b. in g/mm 2 for bare carbon fibers
c. in g/mm 2 for Ni-coated carbon fibers



ThereTore a preforming :ecnniaue comoining tne tow fbers. :he t,7:n

i"i-coateo fbers and the tnicker uncoated f:bers was ceveiooeo.

The ftber preform consisted of muitiple layers of tow fbers

sanawicnea between sneets of the Ni-coated fibers. The thicker

,ncoatea caroon fiber sneets were usea at the outer surfaces of the

preform. The puroose of these sheets being to facilitate the licuic

metal in infiltrating the extreme layers of the oreform. The nurner

of layers in the preform was a function of the target fiber volume

fraction. A grapn of this relation is given in Figure 7. For exampie.

a fiber oreform consisting of a top ana bottom half having 10 layers

eacn. wnere a layer is oistinguishea by a row of parallel tow fibers.

or a total of 20 layers will yield a casting with an overall fiber

volume fraction equal to approximately 0.22. Note: If the preform

contains 0 layers. the fiber volume fraction is not 0 due to the

presence of the randomly oriented thick fiber sheets.

A typical fiber preform is illustrated in Figure 8. The ratio of

the mass of fibers oriented in the airection of the applied load as a

function of the target fiber volume fraction is given in Figure 9.

Three-eighths of the fibers in the random sheets were assumed to be

oriented parallel to the tow fibers. The 3/8 coefficient was from an

empirical equation developed to predict the elastic modulus of

randomly oriented fiber reinforced materials from the longitudinal

and transverse moduli [24]. The curve in Figure 9 approaches an

asymptote at around 94% of parallel fibers as the effects of the

thick planar random fiber sheets at the top and bottom of the overall

preform become negligible. As an estimate for overall fiber volume



00

5

E

-w

5

0 5 10 15 20 25 30

Fiber Volume Fraction, %

Figure 7. Layers in preform as a function of fiber volume fraction
for a casting 70 mm in diameter and 3.2 mm thick. Fiber
volume fraction is this figure is the overall fiber volume
fraction which includes all the fibers, regardless of
orientation. The number of layers is defined as the total
number of stacked rows of parallel tow fibers.
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Figure 8. "Schemnatic drawing of unidirectional fiber preform
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Figure 9. Percentage of fibers oriented parailel to one anotmer as a
function of the overall fiber volume fraction. The fiber
fraction is the volume fraction of all the fibers
regardless of orientation.
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'racticns aoove 0.15, :e cercentage of fibers orented caraitel to

one anotner is assumea to ce 90,o.

2.2 Fabrication Procedures

The following paragrapns will describe the procedures usea to

fabricate carDon/grapnite fiber reinforced aluminum using high

pressure squeeze casting. Althougn the main objective of this worK

was to fabricate unidirectional reinforced castings, fabrication of

planar random fiber reinforced castings was also performed in orcer

:o gain famiiiarity with the process ano to provide data for

comparison.

Whether planar random or unidirectional fibers were used, it

was necessary prior to casting that the amount of metal and fibers

be estimated for target fiber volume fraction. This calculation was

based on the target fiber volume fraction and the size of the casting.

For planar random fibers and for a selected target fiber volume

fraction, the mass of fibers (Mt), in grams, required was calculated

by

Mt = ,Tr2 t fv (1)

Where: vt = target fiber volume fraction

pf = density of fibers, g/mm 3

r = radius of circular die, mm
t = thickness of casting to be

fabricated. mm



-Ie mass c -T etai M~,, grams. was caic,.:atea c:rectlv

-sina eauat;c, 2.

-v') (2)

'Where: = censitv of metal, g,'mm 3

The target '.ber voiume fraction for unidirectional reinforcea

castings was usea to determine the numoer of layers in the

. nioirectionai oreform that was reauirea. To obtain a desirea

,,olume fract;on of f:bers orientea parallel to one another, :hat flber

voiume fraction was civided by the appropriate ratio obtained from

Figure 9. This adjusted fiber volume fraction then represented the

overall fiber volume fraction which included both the tow fibers and

the planar random fibers. Once the overall fiber volume fraction

was determined the number of layers required in each of the two

fiber preform was ootained from Figure 7.

The saueeze casting process consisted of three stages: the

oasic fiber and matrix material preparations, the pre-casting

preparations of the die and the casting.

The basic fiber and matrix preparations consisted mainly of

determining the proper amounts of each required and melting the

metal. Also required was that the planar random fiber sheets be cut

to the appropriate sizes and/or that the unidirectional fiber

preforms be made.

Prior to casting, the die was cleaned and assembled. A

carefully machined graphite disk was placed into the die at the
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zottom c4 the cavity in orcer to form a liouid metal tight seal at the

:ottom c the ce. One-naif tte total amount of fibers were also

c:acea into rre c:e prior to casting.

Casting of tle metal consisted of couring the molten aiuminum

.,vnicn haa been neated to a temperature of approximately 1200 K

1700 -F into the Prepared die and then adding the remaining fibers

'ollowed by a secona graphite cisk and the die punch. The actual

temoerature used was somewnat lower for the planar random

reinforcea castings and somewhat higher for the unidirectional

"einforcea castings. This was a result of the higher packing censity

of the tow fibers thus making them more difficult to infiltrate. The

optimum temperature used was the lowest possible while still

achieving complete infiltration in order to minimize the

solidification time for the metal.

Once all the materials and the punch were in the die, the

pressure was applied. The typical casting pressure used was 350

MPa (50 ksi). Although successful infiltration was achieved at

!ower pressures. the high pressure was chosen, again due to the

desire to minimize the metal solidification time. A cross-section

view of the die cavity just prior to the application of the pressure is

given in Figure 10.

2.3 Heat Treatment of Castings

As the composites fabricated with the above procedures were

optimized so as to have as little interfacial reaction as possible, it

was expected that their strengths would not be as high as they

might be with a relatively strong interfacial bond. Some
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Molten Metal

Btttm\

Figure 1 0. Cross-section view of die cavity just prior to
application of pressure



:7nemcai reaction cetween the taoers ana t7e matrix can imorove te

s:rena:,, of the fi ,er,,matrix ona. :7us mDrovng txe aoility of te

-natrx ,- transfer tne oad to the reinforc:ng fDers.

From preliminary experiments, wnere the Gr/Al castings were

simoiy reatea to 825 K (1025 -F) for times ranging from 3 hr. to 240

r. ihign temoerature heat treatment), it was founa that it was

necessary to heat the aluminum into the liquid region (,very nigh

temperature neat treatment) in oroer to effect a reaction oetween

the caroon ana the aluminum. This was accomoiishea by neating an

as-cast comoasite scecimen in a rectangular cie that was heated to

severai cegrees aoove an experimentally determine solidus

temoerature for the 6061 aluminum used in this study. The setuo

used in the present investigation is shown in Figure 11. After a

predeterminea period of time (several seconds to a few minutes).

high pressure was applied to the die in order to increase the

soiilification temperature of the aluminum alloy, as described by

the Causius-Clapeyron equation; this solidified the aluminum alloy

ana essentially stooped further reaction. The die was then allowed

to cool in air and the pressure was released wnen the temperature

fell below the solidus temperature.
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Electric Heating
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Stee Die

Reinforced casting

Cavity Dimensions - 5.7 cm x 3.5 cm

Die Outside Diameter - 15.2 cm

Figure 11. Heat treatment set-up for Gr/AI casting to effect
controlled reaction between the fibers and the matrix
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Transient Thermal Anlysis of Saueeze Casting Process

3.1 Introduction to Thermal Analysis

in te saueeze casting process descrioea in the orevious

onaoter. :'7e aoplication cf h-an pressure nas two effects on the

castina ;rocess. First, * facilitates the infiltration of the molten

metal arouna the fibers. Secona. it dramatically reauces the

,c,,n t:me o *-e .cu: aluminum, :nus reduc:ng t7e amount

:r reac::on cetween ,,,e fiber ano the ajuminum matrix. Pressure

-educes ,:re solidification rime Dy reducing the contact resistance at

the die wall and by effectiveiy increasing the solidification

temperature of the molten matrix metal.

The mocelling of solidification of metals and alloys is complex

because several parameters including temperature dependent

thermal properties, convection and radiation heat losses. phase

chance and the apparent increase in thermal conduc:vity cue to the

convection of the moiten metal need to be considerec. C',osea form

solution for solidification processing is practically impossible.

However, these proolems can be handled rather simply with the use

of numerical methods such as finite element method (FEM) [25].

A recently developed finite element based computer program,

THERM [26], was modified to carry out thermal analysis of the

squeeze casting process, the code required some modifications. In

the saueeze casting process there is some degree of heat loss from

all sides of the die. Fortunately, since the die cavity was round, it



cCuic De -oeiiea using axisymmetric elements wnicn aiiowea t.e

,wo-cimensonai THERM program to mocel the tlree-aimensionai

croc:em.

There are trree main coiectives of the anaivsis ccn:ainea n

:nis chaoter: a. To moc:fy the FEM orogram THERM in orcer to give it

axisvmmetric element caoaoility. o. To solve some test oroolems

'rom the iterature in order to demonstrate the accuracy of the

solu:,on results ootaineo using THERM. c. To perform a

comoutaticnal analysis of the solidification of aluminum during the

sgueeze casting process for fabricating reinforced castings.

3.2 THERM

THERM is a finite element code originally designed to study

one- and two-dimensional transient heat transfer. Present element

capaoility of THERM includes quadrilateral elements with 4 to 8

noaes. There are also provisions for temperature dependent thermal

properties, convection and radiation heat losses, phase change and

,he apparent increase of thermal conductivity due to convection of

the molten metal.

THERM uses a variational formulation derived from the

governing partial differential equation,

k, + T(kyy = cc (3)

Where x,y = coordinate axes

k(,ky = thermal conductivities in the x and y
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T = temperature

density cf the metal

C = soecific neat capactv of the metal

time

The ocuncary ana intal conaitions are that there is no

7,ternai heat generation oer unit voiume. By the incorporation of

aaditional terms convection ana radiation heat losses are also

ailowea.

The cerivation of the finai equation requires an exDianation of

variational calculus which is too involved for this study and may be

founa elsewhere [26], therefore the result is simply presented as

Equation 4.

f S(T'T) t+Atk '-tT' dV) = " STs  t+,tqS dS) (4)

ST : " t(pC) t-%t( tt dV

- JT s t Athc "'"-ttTS-Ta) dS

- I Ts tA'At hr t+At(TS-Ta) dS

Where: TIT a T a T
- = ax ay i

0 ky



O)n ,-.e r crt-naino sce c, E,--a*a:c- 7- :e T ;'St *zrm ,eoresentS

.7e s-urtace neat i7out. -e secono term ceais with I e volumetric

,-eat caoaciuv ana 11,-e t,-Aro ana fcurtn terms reoresent tre

-ocrvecticn, ano raaiatlon, -eat aosses. respectiveiy.

The numerical Soltution to Ecuation 4 is ocitalneo. using Euler's

cac Kwaro mrolcit t ,me integration (251. Eauation 4 is noniinear as a

-esLu;t of +.e +Lemoerature cenencent *, ermai 2roerlies. 7he non-

nearites are ranalea ty ; st knearizing the tho,_rmal procerties

ana ten aoiy'n a oifiec Newton-Raonson teratve solution

-7ernca ~5

nout of th e trermai crocieries. mnii conoitions anaJc *2e

caicuation carameters are accomplished by reading th',e values into

the main program from a seoarate formattea input file. The format

recuired for +his input file follows.

3.3 Input File Format

The format of the input file used to input the material thermal

prooerties. initial conditions and the calculation parameters is

Qrovidea in this section in tabular form. A dlescriotion of eacn entry

for every column is given on a line by line basis. Related groups of

lines are given in each of Tables 3 through 8.
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Table 3. -enerai .r'*crmatiCn C cetine system ano to -=vice
cu:ceiines for caicu:at!ions usec :n THERM

Column Variable Entry

1 -0 NELEIA Numoer cf elements

1 -20 INIE Numoer of noce

21-30 NTIMES Total I'umoer of t;me sleos

31 -10 NITERS Maximum number of iterations per tme step

--50 G Numoer of Gauss conts to be usec in

calculations

51-60 NMATL Total number of materials

61-70 NLUMP Lumpec parameter matrix (0 = consistent, I =

lumped)

71-80 NCHECK Trial run to check mesh generation

1-mesh and material property check only

0-run entire oroaram



Table 3. Continuea

L r e .2

Column Variable Entry

1-1 0 THICK ThicKness of eiemenTs (0.0 for axisymmetr:c

elements)

11 -20 DELTI Primary time step value

21-30 DELT2 Seconcary time step value

31 -- 0 TMELT Melting iemoerature of moiten material

41 -50 TAMB Amoient :emoerature

51-60 TINIT Initial temperature

61 -70 CONVCR Convergence criteria for iterations

71 -80 NPRINT Print after how many time steos?



Table 1. -.rne cenmirno vveic:,no paramezers. -,ne is 7eeco even
.,veia:7c aoc:nica*;Cn !s rot eauirec.

L.re

Column Va r ia blIe Entry

1 -XARC Initial Y' position of weiding arc

-END Finai 'x' position of weiaing arc

21 -:!ARC Inital 'z osition of weiding a,-c

-et ecuai to 1 .0 for no .veid

31 IN* _ F~nai 'z osi+'on of vveia~nai arc

41 Zt p !ower n7out of .veioina arc

51-2 SPEED Soeea arc m-oves in tt"e Yx cirect,,on

61 T; F- Initial radius of weld c.,ool

Set equal to 1 .0 for no weld

71 - 0 EF Efficiency of weld input



Table 5. M.a*4eriai z:oc-eriv 7,trma!tcon. c>S u ctIJ -~ es .s
-eoeatea reach -,nateriai.

Column Variable Entry

a TS Solidus temperature

- ~ TL L-ouious *emperat!ure

21 -30 HLAT Latent heat

3 41-4Q EM ISS Emissivity

41- 50a CMIAULTP Enhancement factor tr, convection of moiten

naterial

51i -60 ",1 k) Nurnoer of temperalures fo-r wnicn Iherrmai

conauctivity values are to be given

61 -70 N (C) Number of temperatures for which heat

capacity values are to be given

71 -80 N(H) Number of temperatures for which enti...py

values are to be given



Table 5. 3onT;r ea

NO L-,, . es

Column Variable Entry

1-i' 710 T K) Temoeratuire at wnicn k is to oe e:ven

1 1-30 K Thiermai conductwvily. k.. at T-'\')

N (C', L 7.e s

-0 , {C) Temnerature at WhiCh C ;s ILO Ce C:ven

-30 C Heat caoautv, C. at TC)

N(H) Lnes

1- 10 T(H) Temperature at which H is to ne given

11 -30 H Enthaicy, H, at T!H)

Table 6. Coefficient for convective heat transfer

Line 1

Column Variable Entry

6-15 I-C Coefficient for convective heat transfer
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Table 7. E:ement Cata

NELE.v1 L. es

Column Variable Entry

1 -.5 N Element number

6- 0 NDIFF Difference in element numoers, usec to

generate element data

11 - 5 NE (N) Defines ooundary for convective heat transfer

(See Figure 3.1)

6-2 MATL(N) Materiai numoer?

21-25 NMN) Numoer of noces usea to cefine element (1-8)

26-30 NP( Noae coint 1

31 -35 NP(2) Noce point 2

36-1 0 NP(3) Node point 3

41-45 NP(4) Node point 4

46-50 NP(5) Node point 5

51-55 NP(6) Node point 6

56-60 NP (7) Node Point 7

61-65 NP(8) Noce ooint 8
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C A

3D

Input Value for NE Heat Transfer Face

A

2 B

3 C

4 D

5 A and B

6 B and C

7 C and D

8 A ana D

Figure 12. Convective heat loss boundary conditions



Table 8. Nocai ca ta

NNODE L res

Column Variable Entry

S- 5 N Noce numoer

5 -10 NDIFF Difference in node numners. used *o generate

200ce coordinates

20 X(N) Yx coorainate of noCe N

2 - 0 Y (N) y' ccoorcinate of noce N



3.4 Axisymmetric Analysis

The aiiitv r.. ,,cei *.er c:e cavity usea far s 'eeze

s:7g . Der -entorceo meta's .- e cresent :2ves::cat:cn ,in

-xisvmmetric eements aiiows for :7e crealct:cn cf *-e "rans:ent

-ea: transfer cenavcr . tne tmree-cimensionai cavity "us;.,a t-e

.vo-cmens'onai crocram THERM. The axlsvmmetr;c elements.

-nown n Facure 13. are r'ng snacea -eements wain cuacr-,iatra

cross-sect:ors. When -sing axisymmetric elements, ","e fnite

eiement mesn is soec:fiea for one-nalf of the soecimen cross-

:,ec:on ana these e~ements are essentiaily rotated 360 cegrees to

-eoresent t,e entire soecimen ceing moceiled. Essentaly tne

mocification consistea of changing the thickness for eacn element

from a constant numoer to a variaole oeterminec by the cistance of

that eiement from the center of the specimen being moceled. This

puts the requirement on the input that x' must always be equal to

0.0 at the center of the specimen.

Test oroolems using the modified version of THERM are

cOntainea in the next section followea by a model to describe the

saueeze casting process.

3.5 Test Problems

In this section, two test problems with established solutions

will be set-up. The modified version of THERM will be used to solve

these problems with the results presented in Chapter 5. The

comOuted solutions will be compared to solutions from published

literature.
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3 4

Figure 13. Typical axisymmetric element used in experimental
model. Numbers represent each of four nodes at the
corners of the quadrilateral cross-section.
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3.5.1 One-Dimensional Heat Transfer Example

-A 1.52 .r x 0.30 m x 0.30 m cavity contains a material wimtn

crocem~es snecfiea :n Table 9. The cavity is insulated cn ail s:ces

xcec. ':r one of the snorter s:aes. The rate of soiidification cf

:.-is -ateriai can ce oreaictea using THERM. The finite eiement

.mesn usea is snown in Figure 14. The exact solution for this

jrooem was cotainea from a s:uay by Hsiao [27].

3.5.2 Two-Dimensional Heat Transfer Example

A 3.05 rn sauare by 0-30 m ceeo cavity contains a metal having

:ne crocerties scecifiea in Table 10. There is convective neat !oss

from all sides of the cavity. Due to symmetry, one quarter of the

cavity was modelled as shown in Figure 15. The position of the

solid/liouid interface was predicted THERM. The literature solution

of this problem also was obtained from the study by Hsiao [27].

3.6 Modelling Squeeze Casting Process

In the nigh pressure squeeze casting process for fabricating

':ber reinforcea metal casting, molten metal is poured into a

metallic die containing one-half the total fiber reinforcement to be

usea. immediately after pouring, the remaining fibers are placea

into the die on top of the molten metal. The punch is then placed in

the cie and high pressure is applied until the metal has completely

solidified.

This process is divided into three consecutive steps. Each of

these steps is modelled independently with the final thermal

conaitions of the previous step being used as the initial conditions



Table 9. 'Materiai c~ocenmes a7.a ,-:iai ccnoaticns tcr c:,-e-
c:mensionrai *:est .rct):em

Material Properties
Soiious Temoerature is 5,32.6 K [499.5 -F1
Uicuicus Tiemoerature TL 533.4 K [500.5 :F1
Melting Temoerature Tn 533 K (500 OF]
Latent Heat of Fu-sion HL 3730 KJim3 (100 Btu;'F 3 1

Heat CaDacitv. KJlm3 rBtu/Ft 31 Temoerature. K I-F:'

37.3H0 assumea constant

Enthalpy, KJm 3 rBtu,'Ft3l Temperature. K [-Fi

14,900 (399.5] 532.6 [499.5]
18,600 (499.5] 533.4 (500.5]
23,000 (619.01 600.0 [620.0]

Initial Conditions
Initial Temperature Tj 600 K [620 -F]
Ambient Temperature T. 311 K [100 -F]
Coefficient for

Convective Heat hc 12.900 KJ/m2(s)(K)
Transfer (630 Btu/Ft 2 (S)(OF)]



Insulated sjoes

4 1.52 m

Figure 14. Finite eiement mesn used to mocel one-dimensional
test problem. Heat toss is by convection from left side
of cavity as drawn.
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Table 10. Materiai cirooenlies anal ihtial conaitions 'or --.,o-
aimensionai test proolem

Material Pronerties
Solidus Temoerature T s 699 K [799 ' F]
Liquidus Temperature TL 700 K [700 ZF]
Melting Temperature Tn, 700 K [801 OF]
Latent Heat of Fusion HL 3730 KJ/M 3 [100 BtuFt3]

Thermal Condluctivity, Temperature, K [Fl

6.2 [1.0] 699 [7661

5.6 [0.901 700 (801]

26,000 [699] 699 [7991
39,000 [1049] 700 [801]
46,500 [1248] 1000 [811]

Initial Conditions
Initial Temperature Ti 811 K [1000 -F]
Ambient Temperature Ta 311 K [100 -F]
Coefficient for

Convective Heat hc 41 KJ/M 2(S)(K)
Transfer [2.0 Btu/Ft 2 (S)(0 F)]



1 22 \cavity

Line of symmetry

- insulated'

1 100

.52 m--

w 4 ________________________FITI _______ _Element___

t -~-1 _______number____

2 i _ _ _

Figure 1 5. Finite element mesh used to model two-dimensional
test problem. Heat loss is by convection from left-hand
and near sides of cavity as shown.
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Cr ,he next. he rTrSt step IS aefined as wnen the metal ana al the

bhers are ptacea in the cie Dut the punch still has not been. The

sect:on modellea irctuces from the center of the molten metal to

:he top of the fibers as shown in Figure 16. Since no pressure has

oeen applied yet, there is still a consideraole amount of air

surrounding the fibers and this is modelled as alternating layers of

air and graphite with the air layers representing the greatest

volume. In this step it is assumed that no infiltration has yet

occurred. The input conditions for this step are contained in Table

'1. Included are the thermodynamic properties for the three

-2aterials: aluminum. grapnite and air and the initial conditions.

The 6%uuiiQ biep is defined as when the punch has been placed

into the die causing the fibers to compress but still the high

pressure has not been applied so there still is no infiltration. The
input for this step is the same for the first except that the initial

temperature becomes the average temperature of the molten metal

after 1.5 seconds in step 1. The mesh used in this step is also

similar to that in the first with less volume of air. The actual mesh

used is shown in Figure 17. This step is run for the equivalent of

another 2 seconds of process time, and the average temperature of

the molten metal is then used in the final step.

In the final step the high pressure has been applied and the the

cavity no longer contains any air and the material is modelled as a

combination of graphite and aluminum. The mesh used to model the

final step is shown in Figure 18. The thermodynamic values for this

material were calculated from equations available from the

literature [24] and are given in Table 12. In order to simulate the



Totai Fiements = 117

7otai Noces = 140

Top of die 11 7\ .0

_ _A i ii

D.0 cm

19 20

Gahite

3 49

Air

3 d 5

Die 2 3.0 cm

cavity
center line

Figure 16. Finite element mesh used to model first step in
experimental model. Fiber volume fraction equal to 30
percent. Heat loss is modelled as convective from top
and right hand sides as drawn. Elements are
quadrilateral axisymmetric.
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Table 11. Thermoavnam:c -roeriies c, materiais usea ri
exoerimental mocel ana , tiai conaltions

Material Properties (Aluminum)
Solbdus Temperature Ts 855 K [1079 -F]
Licuiaus Temperature TL 925 K (1205 =F]
Melting Temoerature Tm 925 K [1205 ' Fl
Latent Heat of Fusion HL 1.1 x 106 KJ/m 3K [ 1 6.4x 103

Btu,,Ft 3 --F]

Thermal Conductivity, Temperature, K [ F]
KJ/m(s)(K) rBtu/(Ft)(s)(--F l

0.25 [0.040] 298 [77]
0.23 fO.036] 473 [329]
0.22 [0.035] 873 [1,1121
0.21 f0.0341 1,273 [1,8321
0.20 [0.032] 1,473 [2,192]

Heat Capacity, KJ/m 3K [Btu/Ft 30Fl Temperature. K [F]
2,400 [35.8] 293 [68]
2,800 ,1 , 4' 673 [752]
2,900 [43.2] 1,073 [1,472]
2,900 [43.2] 1,473 [2,192]

Enthalpy, xio 6KJ/m 3 K fxjo 3Btu/Ft 3 OFITemperature. K [F
J.0 (0.0] 293 [68]
1.1 [16.4] 673 [752]
3.3 [49.2] 1,073 [1,472]
4.5 [67.1] 1, 473 [2,192]

Material Properties (Graphite)
Solidus Temperature T s > 2000 K
Liquidus Temperature TL > 2000 K
Melting Temperature Tm > 2000 K
Latent Heat of Fusion HL 0.45x10 6 KJ/m 3 K [6.7x10 3

Btu/Ft3°F]
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Table 11. ConzrsLea

Thermal Conauctivity, Temperature, r, 1-Fi
KJ/m~s/iK) "Btu,,i Ft)(sW(:F),

0.050 [0.0081 293 1681
0.100 [0.0161 773 [9321
0.092 [0.015] 973 [1,2921
0.050 [0.008] 1.473 [2,192]

Heat Caoacitv, ,'J,);)3K .Su,/FO3  F Temperature. , -F1
921 [13.71 225 [-54.7]
2,500 r37.31 500 [440]
3,100 [46.2] 1,000 [1,340]
3.600 f53.71 1,500 [2,240]

Enthaloy, x' oKJ, rn3K fx1otu/Ft 3 lTemperature. K f-FI
0.0 [0.0] 293 [68]
0.45 [6.71 473 [392]
2.14 [31.9] 973 [1,2921
4.31 [64.31 1,473 [2,192]

Material Properties (Air)
Solidus Temperature Ts 5 K [-451 OF]
Liquidus Temperature TL 5 K [-451 °F]
Melting Temperature Tm 5 K [-451 -F]
Latent Heat of Fusion HL 582 KJ/m 3 K [8.7 Btu/Ft 3°F]

Thermal Conductivity, Temperature, K [cF]
KJ/mls)(K) [Btu/(Ft)(s)(°F)I

2.6x1o- 5 4.2x10 -6] 293 [68]
3.8xio 5 [6.1x10 "6] 498 [437]
5.9x10 5 [9.5x106] 998 [1,337]
6.7xi 0-5  [11.OX 10-6 ]  1,198 [1,697)

7.5x10- 5  [12.0x10-6] 1,473 [2,192]

Heat Capacity, KJ/m 3K [Btu/Ft 3°F] Temperature. K [°F
1.2 [0.018] assumed constant
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Table 11. onlinueQ

Enthalpy, KJ/m-,K rBtu/Ft3:F Temperature. K PF]

0.0 10.01 293 [681
582 3.71 773 [9321
1.21 r18.11 1,273 [1,8321
1457 '2!.7] 1,473 [2,192]

Initial Conditions
Initiai Temperature T, 1,473 K [2,192 'F]
Ambient Temoerature T.. 293 K [68 oFl
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Tztai Noces = O

Total Elements 72

Fiber Volume Fraction = 0.30

72

.00 8 1 82 83 84 85 86 87880

71 7i2 73 4r-- 1 , 0

7____ 62 63 ~ 4 ~5_6 6 0
A .r

5 52 53 [ 5 6 5 0

12 43 4 5 6 4 0

31 32 33 4 3 A3

G 2 0 2 1 23 412 12 1 10 22 11 23 12 24 25 -6 L072

13!" 4 15 16 1 1 1 M O

A 3 4 5 6 78 9

1 2 3 4 5 5 78910I I I I I II Li

0.0 1.0 1.5 2.0 2.25 2.5 2.7 2.9
2.8 3.0

Figure 17. Finite element meen used to model second step in
experimental model. Heat loss is modelled as
convective from top and sides of figure as drawn.
Elements are quadrilateral axisymmetric.
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effect cf oressure on tne neat transter tnrougn the cie wail ,he

,eaucton of contact resistance cue to the pressure. the coefficient

'or convective neat transfer is increased a orcer of magnitude over

:me value used in seos t ano 2. This is consistent with some

exoerimental ooservations referenced [11] in Chapter 1 of this stucy

wnich indicate an oraer of magnitude increase in the overall rate of

neat transfer inrougn a die wail wnen high pressure is applied rather

mtan simole grav:ty casting.

The average temperature for the molten metal as a function cf

::re in tme three steos described above were then combined to g;ve

a reoresentation of the transient thermal behavior of the process for

fabricating fiber reinforced metal castings. This curve will be

presented in Chapter 5 on results and discussion.

Although there are still factors in the solidification of molten

metal castings with fiber reinforcement that are not addressed by

this model, such as the effect of the fibers in providing nucleation

sites, thu model does cover the more significant areas and acts as a

gooc starting point for further development.



-- :a , zces =

Total E'ements = 45

Material Gr f;ber reinforcaa Al (Vt 0.30)

3C4
! r---, I i4 5 1,

3 0

2

352- 1 25

' I I

30 . 0 2.0 3.0

Figure 18. Finite element mesh used to moacel final step in
exoerimental model. Heat loss is modelled as
convective from the too and right hand side of the
figure as drawn. Elements are quacrilateral
axisymmetric.



Table 2. . . .. .... ,.. : '  • er
-e~ntor'cec ,,,"m

Material Prooerties GranniteAluminum)
S C icus 7 emoerature .- 255 K 11079 F
L.Cu:Cus Temcera:ure 925 K !205 F
'Melting Temcera:ure 7 25 K [1205 :F
a,ent Heat cf F-s;onr , I x 10 KJ,'m 3K 6 4x 10 3

Btu, Ft
3 :

Thermal Conductivity, Temperature, K I-F"
KJ ms' tF s

9 030 298 '_7
I.18 0.0291 ,373 "1121

2.16 '0.0241 .473 '2.2921

Heat Caoacitv. 'J~m- K tu'FQ:  Temoerature. K rI
2,070 130.81 293 [68]
2.580 f38.51 500 [440]
2960 144.11 1,000 [1,3401
3.1!0 f46.41 1,500 r2,2401
Enthaty , 1 .,KJ, m--K .Wi3Btu,"Ft 3 3F!TemDerature. f F.

2.0 '0.0] 293 [68]
11 [16.41 673 [7521
" [44.01 1,073 [1,472]

'66.21 1,473 [2,1921
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TESTING PROCEDURES

This cnaoter cescribes the oroceoures used to cnaracterize the

'abr;catea 'ber 'e~nforced castings.

The :ests Cerfcrmea incluce tensile tests. micro-narcrfess

tests ana m,crcscocDc examinations. Also, measurements were

carried cut for evaiuating the camoing characteristics of the

"einforceo castinas.

4.1 Procedures for Tensile Testing

Tensile tests were performed in order to characterize the

tensile strength and stiffness of the fabricated reinforced castings.

Tests were performed on an Instron machine. A controlled strain

rate was maintained with a cross-head speed equal to 0.051 cm/min

(0.020 jnimin) for a;t tests. The load as a function of time for te

:est was recorcec using a chart recorder. Self tightening wedge

shaped grips were used to secure the specimens. These grips

increased the gripping force as a function of the load on the

specimens.

There were two similar types of test specimens used in the

tensile tests. Both were a typical dog bone shape. The specimens

usea for the ultimate strength measurement had a narrower cross-

section !n order to promote a more uniform fracture in the gage

length. The second type of dog bone shaped specimen had a
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-c-ns;aeraolY wiaer crcss-s 'ct:n in ,rer oac:,:tate :ne mounting

af a s:rain gage tcor cetermination of or'mary stffness ano factue

3 ,r;ns 4cr e, castings. -he two types cf tensiie soecimens are

.us*ratea in Figure 19. The wicth of the gage engtn for he

strengtn soecimens and : 7e stiffness scecimens was aDproximatelv

0.64 cm (0.25 inch) ana 1 27 cm (0.5 incr,, resoectively. Overail

,ioths 'were aoprox~mateiv 1 27 cm (0.5 inch) ana 1.90 cm (0.75

,'cm. resoectively. The enth of the soecLmens was the same cf

ether -voe ana was a f,,,ncton of the location from wnicn the

:zec:men was Laken from "7e orcinai casting. The variation can ce

zeen n Fcure 20. Gage .engirs were ccnsistentuy 2.54 cm 1.0 Ircm

'or ail soecimens.

The specimens were cut using a high speea rotary tool with a

0.64 cm (0.25 inch) carbide tipped bit. This tool allowed cutting of

the casting only in the direction parallel to the fiber reinforcement,

thus minimizing any delamination of the casting prior to testing.

The ultimate fracture strength of the reinforced castings was

measurea by allowing the tensile test machine's cross-heaa to

continuously puil the specimen at the specifiea speed. For stiffness

measurement, the test specimens were loaded to a small fraction of

their anticipated ultimate strength and a record was made of load

versus the strain, indicated by the strain gage. Tests were

performed one time only for each specimen. The fracture strain was

measured by loading test specimens with strain gages all the way to

fracture.



2 7 m -n'D64 cm

2.54 cM

1.27 cm 2.54 cm

Position of

strain gage

6.35 cm

Figure 19. T'NO types of tensile test specimens usea for the
measurement of a.) tensile strength and b.) stiffness
ana fracture strain of fiber reinforcea castings.
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; Fibers visible
on casting

surface

Figure 20. Schematic illustration of tensile specimens from
unidirectional fiber reinforced casting showing relative
location of specimens
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4.2 Procedures for Determination of Microharaness

The micrcnaroness of the saueeze cast 6061 Al matrix was

ceterminea using a Vicker's ciamond indenter. The matrix was

tested in four conditions: as-cast with r,o fiber reinforcement. fiber

reinforceo matrix that haa been subjectea to high temperature solid

state neat treatment and fiber reinforced matrix that had been heat

treatea at a temperature above the experimentally cetermined

solidus temperature.

The procedure for cetermining the Vicker's micro-naroness

nc:ucea measuring the diagonals of the ciamono shaoed indentation

ana using :,ne average ciagonat lengtn ana the appieo load.

The micro-hardness is defined as:

F
Vicker's hardness (HV) A (5)

Where F is the force applied to the indenter and A is the area of the

indentation. An indentation is shown schematically in Figure 21.

The snape is a regular pyramid with the the face angle assumed to be

ecuai to the face angle of the indenter. The area of the indentation,

A, 1s given by the following relationship:

1360
2 sin

A = d2  (6)

Where the face angle of the diamond is 136 ° and d is the average

length of the diagonals. Substituting equation (6) into (5) yields



Face angie =1360

16 d

Figure 21. Two-dimensional model for Vicker's micro-hardness
indentation.
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2 F sin

HV= S54 7)

Where F *S ir Kliograms :crce (Kgt) ana d is in mm. The units of HV

.vuii be Kgt/mm 2 .

The indentations were ocated sucn tMat they aid not contact

any fibers that were oresent n t e cross-section. A load of 0.294 N

,0.030 kgf) was used. Smaiier ioads than this produced indentations

too small to ce accurately measured. The load was kept on the

ncenter *or approximately 30 seconds after the indenter contacted

:2e test soecimen. Prior to tne micronaraness tests, test specimens

were saw cut and cold mounted in plastic. The specimens were

poiishea using very fine abrasive paper with a final cloth polishing

with 10 micron alumina suspended in distilled water. The resulting

finish was suitable for light microscope examination.

4.3 Procedures for Microscopic Examination

Microscopic examinations were carried out by optical

microscooy ana scanning electron microscopy (SEM). Specimens

similar to those described in section 4.2 were used for examination

by optical microscopy. The specimens were examined for fiber

distribution, metal infiltration and the fiber/matrix interface. The

polished specimens were etched with a warm dilute NaOH solution.

Cross-sections cut parallel to and those perpendicular to the fibers

were examined.

A scanning electron microscope was used to examine the

fracture surface of the castings fractured under tensile loading. In
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acc:":on. .,bers at c:fferent stages cf the orocessing were examineo.

Fibers oricor to casting, after casting ano after neat treatment at

"emoeratures stightly greater than t'Me soiidus temoerature were

exam:neo. The fibers were extracted from the matrix of the

castings oy cissoiving tme matrix in concentrated warm NaOH.

4.4 Damping Measurement

Cantileverea beams were used for the damping measurements.

The oeams were clamped on one end and vibrated on the other in ,6e

thtcker cimension of the cross-section. The details of the

exoerimental configuration are snown in Figure 22. The sinusoicai

freauency is produced by a frequency generator and monitnred by a

freouency counter. The signal is ampified and sent to a switching

box where it is split and sent to an oscilloscope and a copper coil

which, in turn, produces a varying electromagnetic force on a small

cobalt-samarium magnet attached to the lower tip of the specimen

as shown in Figure 22. A small piece of aluminum foil is attached to

the upper tio of the beam in order to provide a reflecting surface for

:he orobe of the pnotoaccumulator device. The pnotoaccumulator

provides information on the displacement of the beam as it vibrates

by sending and receiving an optical signal through a fiber optic

system. The vibration amplitude signal is sent to a signal band-pass

filter which allows only a narrow range of frequencies around the

natural frequency of the beam to pass through. The filtered signal is

further sent to an oscilloscope where it is monitored and an

accurate value for the natural frequency is determined. At this

natural frequency, the current to the coil is cut-off simultaneously



~eri~c -e s*.craae cscittsccce wnicn recorcs tne cattern oft~~

orcn cecav. c-ootogracin :s taKen of thle vioration cecay anai

ccarin-,,;c cecrement £)s caiculated using the i-Ilowing

n

Nhere x- s~ ecual to :il-e rl-itial ammlituce ana x, is eauai to thle

arno:ucea"ter n cycies.
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'TRIGGER OUT IN
SIGNAL 11 2

0 IN UT I

030

Figure 22. Experimental set-up for damping measurements on
clampea-free cantilevered beam specimens [28]: (1)
signal generator and counter, (2) amplifier, (3)
switching box, (4) probe of photoaccumulator device,
(5) specimen, (6) coil. (7) pnotoaccumulator device, (8)
frequency filter, (9) monitor oscilloscope and (10)
storage oscilloscope.
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RESULTS AND DISCUSSION

The purpose of the testing and characterization orocecures

cescrioed in the previous cnapter was to provide insight into the

pnysical and mecnanical 2rooerties of the fiber reinforced castings

fabricated using nign pressure squeeze casting. In particular, it was

Jesiiea to Know wnicn orocerties are effected by the process and

,ow. ror examote. c:d the crocess camage or degrace tUe fibers?

And what was the extent of the chemical reaction between the

fibers and the aluminum alloy? Also, what was the effect of the

process on the properties of the matrix? To answer these questions

and to address related issues, the results are presented and

discussed in this chapter.

5.1 Physical Examination of Squeeze Cast

Fiber Reinforced Aluminum

The castings produced using the procedures described in

Chapter 2 are generally 70 mm (2.7 inch) in diameter and had an

average thickness of 3.2 mm (0.125 inch). The two types of

reinforcement, planar random and unidirectional, can be easily

distinguished with the parallel fiber tows being easily visible of the

surface on the unidirectionally reinforced castings. The overall

surface characteristics of both types of castings are very good with
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".e rotaoie aosence of any srrinKage or ctner typical casting

cefects.

F;ure 23 snows the fiber cistributon in the pianar rancom

arca nialrec,;na f'ber reinforcea castings. There was gooc overall

aistnoution of the fbers throughout the cross-section of the

casting. The distribution of the planar random fibers was

particularly uniform wnile the fiber tows in the unidirectional

reinforcea casting were siightly concentrated toward the top and

bottom of the casting. This was due to the nature of the packing of

The f'ber tows ana the relative cifficulty in infiltrating this

arrangement as t,-e a uminum flowed from the center to the too ana

bottom of the casting.

The degree of metal infiltration in the fiber tows of the

unidirectionally reinforced castings can be seen in Figure 24. The

aluminum alloy completely surrounded each individual filament of

the tow. It should also be noted from this figure that there are a

significant number of the fibers from the planar random fiber sheets

that are oriented parallel to the tow fibers. This qualitatively

supports the inclusion of these fibers in the generation of Figure 9

in Chapter 2.

A polished cross-section of a casting oriented parallel to the

principal fiber direction in the unidirectionally reinforced casting is

shown in Figure 25. Several breaks in the fibers can be seen. The

presence of metal between the separated ends indicates that the

fibers were broken during initial infiltration by the liquid aluminum.

This situation is typical with nearly all the fibers showing some

degree of breakage at some point along its length in the casting.
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Figure 23. Light mnicrograpuns showing fiber ctistrtiton 1,1

grap~hite fiber reinforcedl castings: a) planar ranccm',y
orientedl fiber reinforcec casting and b) unidirect:cnai
fiber reinforceal casting.
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Figure 24. Lght micrograph showing degree of metal Infiltration
into unidirectionai fiber tow

Figu.,. 25. Light -nrcrorraon of cross-section from ur, :.ectionai
'1ber reinforcec casting showing breaKs in t-ie ieflgtn ct
!he h ers



-7,cuo :-E , ers "-re 'ocnoer r cr :-'os ~orcne eca c

--s:-7c :7 -.e =cr . : average en- :--e icers . s -,ci

-ea~er nan ,-'e crt:;cai cer :rm:s 7ecessary 'or :-e Tter

* -,eoreiica;1iv acnmeve s3 7aximLum Z:iowaoie stress. 7n1e c a i

* er :enci;i is on !7e croer of 0.3 mm 0.012 incri, while even the

3mailest "'ber segiments coservea were well over a macnituae larger

-an *tiis criti;cat .~aiue. -The as-cast ' ter !engths were ceterminea

e ex a m: -, Ig "'bers on coiishea cross-sections ano fibers exooseo

cv ;ssoviflg 1"e a um~mum matrix with NaOH.

.nj c-car o serve -,~e extent -- 'eac---n cetween :e e

Jm~n m cv7a*:,x, zocisniec cro-ss-sections were etonec

.n ! aCH a,-. examinea by ight micrcscocy. A micrograpon of a

casting is snown in FEgure 26 a. There is no observable reaction

zone even after etching. A micrograph of a casting which was heat

treated at 823 K (1022 --F) for 100 hrs is shown in Figure 26 b. In

this case. :Iere was somne observed reaction zone around the fibers

on the e~clhea cross-section. After heat treatment above th e solidus

*emeraureof thIe a~uminum alloy there was a reacily aoparer,

-:acton zcce.~ ris 3s iilustrated Mn Figu-re 26 c. By cominarirta th,'ese

-<'ree rnicrcgrapons. t can be seen thl'at there had been relatively

tte rcacticn in the as-cast condition and tnhat it is necessary to

-eat the casting aDove the solidus temperature of the matrix in

o)rder t1o effect Pany aopreciaole reaction.

Arotner mnethee tkhat was used to aetermine the extent of

-eact,;o-n Cetween th~e graphite fibers ann. thIe aluminum alloy was to

e-xoose the f ners cy cissoing vne aluminum m-atrix with NaOH and

ex(amrine ,'he T bers usin-g scanning e!9c,_ro~ microscooy. A SEM



(a)(b

(C)

Figure 26., MicrCgrap .ns of polis I ed and etchec cross-sectic!"s
showing presence of reacv~on zone around fibers-. a) as-
cast, b) after high temperature heat treatment and c)
after h~eat treatment at temperature above solidus
temperature for 6061 aluminum.
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-:rcora:)n cf a *icer cefore casting :s s7.own 7- Figure 27 a. S M

-mcrc..Iraons ct f:o'ers 2. -e as-cast ccnc:t',on ano after very r ,'

• emcera*ure o:Dove :-e soi;dus temcera:ture) 2eat treatment are

.2CcO- '2 Ficures 2_7 b an c, rescec::veiy. Here the react:on

crccucts ac~ear as tnin crystals crentea peroenaicular to the fiber

axis. Again t can ce seen that aithougn there is some limited

"eact;cn eviaent :n :he as-cast concition, there is significant

"eact:on after the very nigh temperature heat treatment. Similar

,eact:on procucts were identified by Kohara and MuLto (20] As an

,ustratLon one of the fibers from ,heir investigation is sin n

-. 23. :2 t7elr -7,vestigation *-e 'ibers ,vere exoosec t- moi:en

aium:num for various times ana the extent of degracation in tte

tens:e strengtn of the fibers was determined. For the fiber snown.

the exposure time was around 2 minutes. Thus, our finding of

reaction procucts at the fiber/matrix interface is consistent with

puoishea worK. Kohara and Muto [20] suggested that the reaction

procuct was A14C 3.

5.2 Mechanical Property Characterization of Fiber

Reinforced Castings

This section wiil describe the tensile properties of the

fabricated graphite fiber reinforced castings. Although the focus

was on unidirectional fiber reinforcement the data from the tests on

castings with planar random reinforcement will also be discussed

for comparison. The tensile strength of the castings will be

discussed first followed by a discussion of the stiffness and the

'racue strain. Scanning eiectron rnicrograpfls of the fracture
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(a) (b)

(c)

Figure 27. SEM micrograph of fibers exposed by dissoiving matrix:
a) before casting, b) after casting and c) after heat
treatment at temperature above solidus temperature
for 6061 aluminum.



Figure 28. Carbon f;ber from investigation oy Koha-a ana Muto (20]
showing reaction products on fiber surface after
exposure to molten aluminum for approximately 2
minutes
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sunaces wiii also ce oresenTeo. 'n the ast cart of this sect'on. a

moael will be orolosea :o exolain tne tensile oehavior of the as-cast

reinfcrceo castincs.

5.2.1 Tensile Strength and Fracture Strain

The tensile strength of the planar ranoom carbon fiber

reinforced reinforcea aiuminum castings as a function of fiber

volume fraction is shown in Figure 29. There exists a peak in the

strength wnich is equal to 320 MPa (46 ksi) and it corresponas to a

fiber volume fraction of around 30 percent. This peak may oe

expiainea by the presence of the off-axis fibers in the casting. At

higher volume fractions, there are more of these fibers and less

matrix. These fibers begin to act as defects causing failure at

lower and lower loads. The failure at the low loads may ultimately

be explained by a complex stress distribution in the area of fiber

intersections where the amount of matrix may be very small. Some

fibers may even be touching each other.

The strength of the matrix, squeeze cast with no fiber

reinforcement, was measured to be 179 MPa (26 ksi). Th~s

represents a significant improvement over the strengtl of 6061-0

Al which is approximately 124 MPa (18 ksi) [23]. The unidirectional

fiber reinforced castinos were fabricated with fiber volume

fractions ranging from 4 percent to 52 percent. The tensile strength

of the unidirectional fiber reinforced castings ;ns a function of fiber

volume fraction is given in Figure 30. Over t ritire range of fiber

volume fractions investigated, the tensile stren, of the reinforced

castings increased with increasing fiber volume i,ction.
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casting as a function of fiber volume fraction



Althou ,,, a crect :;an::tat;ve comoarison -4 4,e strengtns of

-e :,vo *y: es c, f'aorca-ea reinforcea cas:;nqs s-_,anar ranoom and

n7c:rec:Cnali) s not zcss:Die cecause t*e mecranicai orooerties of

*-e .;anar ranccn ,cers c:ffer sanificantlv from :7ose of the P-55

ow frbers (refer :o Thc:e 2', ne s:rengtn cata seem to suggest

some in:eresting things to consiaer. For examcie. a design may

-eauire eaual materiai strength and stiffness in several different

c;rect~ons in the same c:ane. For this case. a p;anar random fiber

-einforcea metal would be an ideal choice considering its isotrooic

zenavior in tie fiber c:ane. if planar random fiber reinforced metal

s .sea. .owever, mhe cesigner snould be cautious not to specify a

',ber volume fraction aoove that wnich corresponds to the peak

strength. If the strengtn requirements of the design exceed this

maximum value, then a laminate design involving unidirectional

reinforcement would need to be considered.

Examination of the fracture surfaces using scanning electron

microscopy showed a very high degree of fiber pull-out for the

jniairectional graphite fiber reinforced aluminum alloy. Fiber pull-

cut can ce aistinauisnea from de-bonaing oy the ciean appearance of

the fiber surface as seen in Fgure 31. If there s a strong bond or

ciffusion bond between the fiber and the matrix, then upon failure

and subsequent withdrawal of the fiber from the matrix, the fiber

surface will show a significant amount of matrix and reaction

products still adhering to the fiber. The absence of these features.

suggest that the principal type of bonaing between the fiber and the

matrix in the squeeze cast metals is adhesion type wnere the load is

transferred by the matrix to the fibers through a friction force at
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Figure 31. SEM micrograph of graphite fiber on tensile fracture
surface. Fiber pull-out holes are also visible on the
fracture surface.
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•. e frber/matrix interface. The pull-out holes are also visible on

.ne fracture surface in tme oacKgrouna wnere the corresoonoing

bers would be on the oposite fracture surface. Similar

ooservations were mace for planar random graphite fiber reinforced

castings, as well.

The fracture strain of the reinforced unidirectional Gr/AI

castings was determined by using a strain gage and recording the

strain at failure. The typical fracture strain for the unidirectional

Gr/AI castings was 0.49 percent, which is significantly lower than

The exoected fracture strain of the fiber (0.60 percent) and well

oelow the fracture strain of aluminum. The fact that the castings

failed at a strain lower than the fracture strain of the fibers is an

indication that the mechanical behavior of the squeeze cast fiber

reinforced aluminum alloy is complex and requires an in-depth

analysis. An attempt has been made to explain the observed tensile

strength and fracture strain behavior of the fabricated materials in

ti.j following section.

5.2.2 Tensile Strength Model

This section describes a model proposed to explain the tensile

behavior of the unidirectional graphite fiber reinforced aluminum

fabricated in this study. Although the tensile strength of the

castings increased with increasing fiber volume fraction, a simple

rule of mixtures model does not accurately describe the behavior.

For example, the rule of mixtures strength for unidirectional

continuous graphite fiber reinforced aluminum with a fiber volume

fraction of 0.30 is approximately 715 MPa (104 ksi) while the



exce~mena~ aue as 7 MIPa 30ksi. Teeare a rii-m-.er of th-e

-easons vinv :-9 s:renc:-n cr -,e as-cast ,einforcea cast~ns wvere so

3 n;cafltv cwer -,an :n e creaict:cns tDy rwe Cf mixtures. !

::ar-: c,:ar. -'e c .ers rCcuia n.ave oeen cegraoeo cy cnemical reactLcn

.vin ~e oiten a.um~num. 't was aireaay estaniisnea, -owever.

-nat * ere was cn~iv very miri!ea reacticin cetween the fiers anoi thIe

7ar -n -ne as-canst concitz n. n tnat case. *,"ere may rave ceen

:oo ::e reac,:-_r

E-ven 11 * ere were no reac::Cn. .n wnicn case tre r-atrix wiouidl

:cn~ cue rocrna 'o tne s~renan oflie castmnc, *:he s*,rerc-n

73n-cu.c s~iil ce c~ven cv

:- = V (9)

Where -fis the strength of the the fibers. In this case, the

preoictea strengtrn of the casting (fibers) with fiber volume fraction

eqUal to 30 percent 5, 1341 MlPa (9-3 ksi), stiil significantly greater

,"ian the exoerimental value of around 200 MPa (130 ksi).

Another cossibility is that the fibers were crusnec during

casting and the average length is less thar the critical fiber length

for an -aligned discontinuous gra~nite fiber reinforced aluminum. It

has already been shown, however, that the average fiber length in

the casting was much greater than the critical fiber length.

In the model proposed the fibers are broken at random position

along the gage lengthi of the specimens used for tensile testing and

there is not sufficient bonding between the aluminum and the

graphiite in oraer to stress the fibers to failure. Therefore, during



:e::z,:- ecs c' :-e : aers :,1 *,-e qca:ge sec::cn of th7e ssec!men

Evie c *,,m -e a.-=-:num ,-nen *,-e -:erfac:ai Dono cetween *-e

7vacr,:,e fl.oers ano, *-,e aluminum s roKen T-7here are two casic

a'ss!'mo::ns : n:s s'atLement :,nat reoresent :r-e oasis for :.e

'-ocei cesc.-:DeQ '-oiow. *,,-e fibers are oneo cut rot continuous anai

o-ers are cuilec from 'i",e matrix rather thian oeing CroKen.

Ti-e 7o'ei ,s ; rst cescrzca in te,-ms of th~e cenavior of a

-,rm4 e f oer. Th-e s~rc~e floer -mocei s ii-s*,ratea in Fgure 32.

:-,orm eau;ior- :'m ct f7rces w.e can wvrite

L) 0)

'Vhne r e :~ = ,he ioaa3 on the fiber

71= the snear stress at the fiber/metal

interface

r = the radius of the fiber

L = the length of the fiber embedded in the

metal

However, EQuaicn 110 has a limit value wnere the fiber will no

oanger ce Pulled from the matrix bu will break instead. This value

is given in E-cuatLion 11.

(P~s)max 7fu(r)(t1

Where -,u= the ultimate tensile strength of the fiber
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Matrix L Fiber raaius = r ,

- j P

Figure 32. Singie f ter model for fiber emeadea in a metal matrix
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Com- o ao--,aions ,0 ana 1. a mnimum :nierface snear

s:rencn can ce cefinea as ".at wnicn is necessary Tor *-.e fiber 19

ze DroKen ratner tnan ruil-out. This relation is given as Ecuation '2.

- ., r
-, rnin = 2L

The !caa on the overall fiber reinforcea metal. P, ,s eaual to

".,e sum cf the ioacs on the fbers ano on #he metal or

P P, -- P, 13)

Where Pt = the load on the fibers

Pm = the load on the matrix

Considering all the fibers. Equation 9 can be written as

Pf = N (2trL) -, (14)

The load on the matrix can also be expressed simply as

Pr= "Tn Am (15)

Where: Am = the fractional area occupied by the
matrix

From Rule of Mixtures we know:



85

7.#v -,- - V ) (16.a)

Ana from Equation 12 it can oe snown that

L
: = ( 2 r - ( 1 6 b )

Substituting EQuation 16.b into 16.a yields

L
:c = (2r-m ,) Vt + ,n (1-V.) (16.c)

r

The uitimate strength of a fiber reinforced material describea

by th, is mocel can be obtained from Equation 16.c and is given by

L
7ult = (2r -hu) v f + m " (1-vi (17)

Where cm' is the stress on the metal at the overall strain

when the interface fails or the pull out starts and may be evaluated

by cetermining the intercept of the experimental line in Figure 30.

Rearranging Equation 17, we can write

L ac u - 7 _ (l-v ) (18)
r 2 vf

Equation 18 can now be used to determine the experimental

value for the product of the interfacial shear strength and the fiber

aspect ratio (L/r). This value should be constant since it represents
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*7e iine cescricea ny tme relation oetween :, ana vf. But as it can oe

seen there is some scatter in the exoerimental data in F~gure 30

that resuit i siightly cifferent values for the product at dCfferent

'fber volume fractions. These values are kstea in Table 13 as a

function of fiber volume fraction. The average experimental value

'or *-e proauct of the interfacial shear stress and the aspect ratio

was 266 MPa (38.6 ksi) with some scatter ranging from 214 MPa

31.0 ksi) to 298 MPa (42.7 ksi).

The next steo is to compare the exoerimentally determined

value of the orocuct with the minimum value that would be reauired

*o oreaK tve fibers. Again rewriting Ecuation 12 we have:

_ min(r _ j 2 - 1050 MPa ,152 ksi) (19)

For our castings we can assume the the fiber aspect ratio is a

constant: evaluating Equation 19 then yields a minimum value for

the interfacial shear strength as a function of the fiber aspect ratio

of 1050 MPa (152 ksi) when the ultimate tensile strength of the

fibers equals 2100 MPa (304 ksi). It can be seen that the average

experimental shear strength is only about 25% of the value predicted

in Equation 19 or 272 MPa (40 ksi). Now we can explain why the

strength of the fabricated Gr/AI castings was only about 25-30% of

the rule of mixtures predictions, i.e. the bond was only 25 percent as

strong as it should have been to develop the maximum stress in the

fibers. It also indicates that by improving the interfacial bond the

strength of the as-cast unidirectional reinforced aluminum can be
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Table 13. Exoerimental values for croauct of interfacial snear
strengm ano the fiber aspect ratio as a function of fiber
volume fraction

L
vI acu, MPa (ksi) 'r u( L), MPa (ksi)

0.16 165 (24) 298 (43)

0.18 165 (24) 269 (39)

0.20 179 (26) 281 (41)

0.22 159 (23) 214 (31)

0.28 193 (28) 238 (35)

0.29 214 (31) 267 (39)

0.38 276 (40) 295 (43)

0.38 255 (37) 268 (39)

0.52 310 (45) 260 (38)

Ave. = 266 (39)
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-creaseo further. 7-e tne croposea Wuil-out mrnocel representec by

Eauataon 17 aaeauateiv exoiains tine exoerimental results fc, t,e

strength cf te unicirect:cnal reinforceo castings.

5.3 Stiffness

A typicai loaa versus cispiacement curve for a unidirectional

grapnite fter reinforcec casting is snown in Figure 33. The curve

can Ie aoproximateo by :wo straignt lines with different slopes.

The first being tne crimary or eiastic modulus for the casting and

:he secona being te seconcary moclulus. Since the graphite fibers

are essentially perfectly elastic the elastic-plastic behavior of the

castings can be attributea to the elastic-plastic behavior of the

matrix. From strain gage measurements, stiffnesses of castings

with fiber volume fractions of 20 percent and 50 percent were 100

GPa (14.5 Msi) ana 150 GPa (21,8 Msi) , respective!y. These values

are lower than the rule of mixtures values of 131 GPa (19.0 Msi) and

224 GPa (32.5 Msi), respectively. The relatively lower values of

stiffness for the Gr/Al castings needs further investigation.

The following section of this chapter describes the effects of

the squeeze casting process and the heat treatment on the

properties of the 6061 aluminum by conducting microhardness

measurements.

5.4 Microhardness of Squeeze Cast Aluminum

By characterizing the microhardness of the squeeze cast

aluminum at different stage during the squeeze casting and heat
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Figure 33. Typical load vs. displacement curve for unidirectional
grapnite fiber reinforcea aluminum castings fabricated
by hign pressure squeeze casting.



"eating processes ;nsiont ca.n ce gained n:ro , e effect of these

c-ocesses cn :--e m:croslructure.

7he .;crorarcness cata cotainea for the 6061 aiumnum at

"ferent concitc rs .s g:ven ,n Table 14. A stancara 6061-T6

.um',num soecimen was creoarec and the exoerimenta average was

) 01.3 (iIn the customary uits of kg/mm 2 . This value is in gcca

agreement .vitfn :erature t-e value for :n:s material cf arou a ,102

The averace value for the saueeze cast aluminum ,,wh no fiber

enforcement was 74.1 wnich is s;gnificantly nrigher -,an the 6061-

O auminum alloy wnicn :s 31.4 [231. This improvement :s Drocaoly

zue to an effec,:ve neat treatment of the 6061 aluminum alloy just

after it solidifies curing casting. At that time the temperature will

sill be very nigh and there should be a considerable numner of

vacancies causec cy the pressure causing very rapid cooling. Both of

tese factors can combine to result in rapid precipitation hardening

of the alloy [291.

With fiber reinforcement the hardness of the aluminum in the

as-cast conaition fell to 53.6 wnile this value is less than the un-

reinforced squeeze cast aluminum, presumably caused by

nterference of the fibers to precipitation, it is still considerably

,igher than that of 6061-0 aluminum and is approximately equal to

the hardness for 6061-T4 Al which is 56.8 [23]. When heat treated

the hardness of the matrix falls still further to around 39.5, close to

the hardness of 6061-0 Al. This was probably due to over-aging of

the matrix alloy.



Table 14. -Ker:men'a: . cxers -7:crcnarcess cata

Test Specimen Test load Ave. Diagonal HV

'Concition) (ka) (mm) (kgamm 2'

6061-76 A! 1.030 0M0235 99.7
0.0240 95.6
0.0229 105.0
0.0229 105.0

Ave. = *01.3

-061 Ai 0.03 0.0272 75.2

,Scueeze c,,st Tes:ea near 0.0275 73.5
wl 7o hers) meac e cr 0.0280 70.9

casting) 0 .0250 89.0
0.0248 90.4

Ave. = 79.8

6061 Al 0.030 0.0278 72.0
(Squeeze cast Tested near 0.0290 66.1
w/ no ':bers) "he edge of 0.0285 68.5

casting) 0.0300 61.8
0.0280 70.9
0.0280 70.9

Ave. = 68.4

6061 -A1 0.030 0.0335 49.1
(Squeeze cast. 0.0320 53.8
v,= 0.15) 0.0322 53.1

0.0305 59.2
0.0320 53.8
0.0340 47.6
0.0322 53.1
0.0305 59.2

Ave. = 53.6



Table 14 . ..... c

Test Specimen Test load Ave. Diagonal HV
(Conditioni (ka) (rm) (ka:'mm

6061-AI 0300 >0354 44

Heat teatea 0.0355 43.4
873 K for "00 Hr 0.0373 40.0

S.355 -3.4
0.0380 42.9
.,0.0,3 9 ,-:.0.8

Ave.= 2.)

6061-A 030,, 0.0384 7.

'Heat ,eaea - 35 3 7 z
aoove socius 0.0403 34.2
:emcerature of AI 0.0395 35.6

0.04410 28.7

0.0405 33.9

0.0383 37.9
0.0359 43.2
0.0375 39.6

Ave. = 36.5
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5 Damping

',e resui's c: *-e a7a:vs:s 0r *,e camc:no :he

. .,.ec*:cnai crao-.:*e o ner -enforcec auminum castings

... r:c.eci 17- 1-:s are shown in Table 5. Althougn the values

.arv s gnt. wtn F!ber volume trac::, .. "7ere coes not seem to Ce a

,'rcn correlation i'Ccatea n, tl-e exoerimental data. However.

-Om:nrison cr :the cverai! averages cf :he joaarithmic cecrement

gno n-,,g any eTfects cf fber oi'ume fractonl suggest that. n

2ene':. :-he camang 2 r*.e 90 teams ;s n:gher. -a to 2 times

--7:e, "-an the c ,mo:ng :":-e 0- teams. 'or moce I viration. :e

::mena -"-2e 'O:.re,..n s 6 times :gner tan in the 0'

o;rec*:on. -egiectingi mne extreme value of 18.0 for 0', 'i = 28.9. -,e

GO0 camoing for moes II ana III are also nigher than the

corresooncing 0 camoing, 2.3 and 1 1 times higher, respectively.

These results are as exoected as the stiffnesses of the

unicirect:;cnal beams are mucn higher in the fiber (00) direction than

.n :7e transverse c;rec::on.

5.6 Finite Element Analysis of Transient Thermal Behavior

of Squeeze Casting Process

The transient thermal behavior of the squeeze casting process

was modelled as described in Chapter 3. The method involved the

use of a finite eiement program called THERM that was modified to

have the capability for axisymmetric elements. The program was

tested by first solving two test problems before attempting to

model the thermal behavior of the high pressure squeeze casting

process.



Table 15. .:,a ;:"r '"  :cree,: .a.es cr _7,;,eC:cn ai Cr. ,Al
oer "n,,rceo :eamsT

car '"-c _ecrement 'x

fMoce M ,.oce ;I Moce !!I

:% 0" 9 :? 90 °  0 90

93.9 ).9 2

23.3 0.2 6.0 .7

24.4-

23.7 6.9 5.2

7. -n 4 6.9

28.9 18.0 3.5 3.9

31.1 4.7 2.9

32.2 4 9 3.5 5.8
33.3 6.6 2.6 3.2

Overall

Averace 6.0 9.7 2.9 6.8 4.5 5.0
0) -eTers to t'cer reinforcement parallel to Deam length. 90"
refers to reinforcement parallel to te thicker dimension of the

cross-section of the beam.

* Neglecting relative extreme value of 18.0 at vt= 28.9
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5.6.1 Test Problems

The results ct :' e cne-aimensiona test croolem are c:ven in

Foure 34. The iine in Figure 34 reoresent tne oreaictea Icca*mon of

.ne soiidfication front as a funct:on of t:me. Suoerim csea cni t2s

ine are ooin:s tlat reoresent t",e exact solution at the

corresoonaing t:mes as cotainea from the literature (271. There was

,very gooc agreement oetween ire preaictea location and the

,terature values.

The results from :-e two-aimensional test problem are given

n Fr-ure 35. The ine n Fiaure 35 reoresents the solidification

'ront at a :,ie eauai :o 1 second as preaictea by THERM. Again :e

points reoresent the terature solution that was obtained using a

finite cifference method. As in the one-cimensional problem, there

was gooo agreement between the predicted location obtained using

THERM and that obtainea from the literature.

5.6.2 Results from Experimental Model

The results from the experimental model are given in Figure

36. The first step in the three step model, as described in Chapter

3, was used for times from 0 to 1.5 seconds, the second condition

was used for times ranging 1.6 to 3.0 seconds and the third condition

was used for times from 3.1 seconds to 4 seconds. In the time

frame from 3 to 4 seconds, the aluminum cooled very rapidly as it

infiltrated the fibers and came into contact with the die wall. The

slowing of this rapid decrease in temperature is attributed to the

aluminum solidifying. After four seconds the average temperature

of the aluminum had fallen to just below the solidus temperature of
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Figure 34. Position of solidification front in the one-aimensional
test problem as a function of time. Line represents the
prediction obtained using THERM and points represent
literature solution [27].
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EositCanity

interace After '1 .0 sec.
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Each civision 0.1 m x 0.1 m.

Figure 35. Position of solidification front in the two-dimensional
test problem. Line represents the prediction obtained
using THERM and points represent literature solution
(271.
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Figure 36. Average temperature of the aluminum alloy as a
function of time during the squeeze casting process
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:eaioy cut ts*.: h-ao r77ot reacneal room temoerature. After -rms

:me. rowever. -e crogram cegan to Civerge ana was eventuaily

aoortea. Furtner i"vestigat~on is neeaecl :o celermine anol correct

're exact cause of +kr-e avercience. 'Jo to V,,e Doint wnere flhe

orogram civergea. -owever. *:he reswts can te consicerea reliaole

since t-rey mnet , e convergence criteria specified in t-re inout 2 e.
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Chaoter 6.

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Unidirectional graonite fiber reinforcec aluminum allov

castings have been successfully fabricatec using nigh pressure

squeeze casting. Fiber volume fractions for test soecimens rangeo

from 10 to 50 percent. There was a minimum amount of reaction

oetween te graphite fibers and the aluminum matrix in the as-cast

conc:tion. gooc infiltration of the metal into the fiber tows ana gooo

fiber distribution. Castings heat treated at very high temperatures

showed progressively more reaction. The tensile strength of the as-

cast reinforced aluminum increased with increasing fiber volume

fraction. Although, in general, the strengths were well below rule

of mixtures values. A model, with the assumption that the

fiber/matrix interface bond slipped prior to fiber failure, was

developed to describe the experimental data. The microhardness of

the squeeze cast aluminum was shown to be highest in the as-cast

condition (comparable to 6061-T4 Al) and decreased with heat

treatment due to overaging. The damping was found to be higher

when the fibers were oriented perpendicular to the long dimension

of the test beams and relatively constant over the range of fiber

volume fractions studied. The transient thermal behavior of the

molten aluminum during the squeeze casting process was modelled

using finite element methods. The average temperature of the
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aiumnum reacnea aoout 855 K aDproximately 4 seconds after being

ntrocucea to tne ae at 1473 K.

A review of the results from the experimental work performed

eaas to several recommencations that may be mace for future

nvestigations. A thorougn investigation into the effects of heat

treatment of the fiber reinforced castings on their physical and

rmecnanical properties needs to be performed. If as expected, the

heat treatment increases the strength of the bond between the

fibers and the matrix, there may exist an optimum heat treatment

beyond wnich the properties of the castings begin to decline due to

ciegracation of the fibers. Another area requiring further

investigation is the refinement of the model developed to describe

the thermal behavior of the high pressure squeeze casting process.

Such refinement may include the addition of a time variable mesh

that will eliminate the requirement for dividing the process into

discrete steps as was done in this study.
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